Abstract
Introduction roles in plant-pollinator communities in the Arctic has recently shown to be related to the 66 variability in community composition (24). Finally, the description of species' roles has 67 also been key to comparing entire networks by means of aligning species to each other, 68 resulting in the identification of common backbones shared across food webs form different 69 ecosystems (25). Overall, the tools included in pymfinder are and have been instrumental 70 to the development of a diverse set of projects over the years, and we believe that they 71 have the potential to be valuable for many others. This article describes the main structure 72 of pymfinder and showcases some of its principal applications using a detailed ecological 73 dataset as the backdrop.
74
pymfinder is a Python library that combines Python methods for network-motif analysis.
77
Some of the engine underneath is a modified version of mfinder -a software tool for network- and made available solely as an executable, and we use it within pymfinder for its underlying 80 efficiency. The mfinder code has been both included and modified here with the explicit 81 consent of Nadav Kashtan, the author of mfinder 1.2.
82
As input, pymfinder accepts any type of network. That is, the analyses can be performed Therefore, in bipartite networks, nodes of each group need to consistently be placed on 91 the same side of the interactions-e.g. in a plant-pollinator networks the direction of the 92 interactions in the input must all go from a plant to a pollinator (or vice-versa). Importantly, 93 undirected networks can also be analyzed by pymfinder ; however, any links between two 94 nodes A and B in such networks need to be characterized by the two parallel links A B and 95 B A. The output of pymfinder, is a high-level data type ('class') that contains different 96 descriptors of the motif composition of the network under study (see Appendix).
97
Structure of the package
98
At their core, all of the analyses performed by pymfinder are based around the identification 99 of all the different n-node patterns of interaction found within a given network. To do this, 100 pymfinder will always start by enumerating the unique motifs/subgraphs that make up the 101 overall structure of the network under study. This analysis can be performed for multiple since the number of unique motifs quickly increases with their size-i.e. there are 13 unique 106 three-node motifs, 199 unique four-node motifs and 9364 unique five-node motifs.
107
For the sake of simplicity, we will focus most of the description of the methods presented Based on this initial motif enumeration, pymfinder can perform three subsequent analyses:
116
(i) the analysis of the overall network structure, (ii) the nodes and links' participation in 117 the different motifs, and (iii) the nodes and links' role in each of the motifs.
118
Motif structure
119
The most basic application of pymfinder is the analysis of the overall motif structure of a 120 given network. In particular, such analysis generates a description of the distribution of 121 distinct n-node patterns of interaction found within the network (up to 8-node motifs). The and out-degree of the nodes and each node's number of single and double links (26, 27) .
126
Comparing the observed motif frequency to the random expectation, the application can in each of them can be used as a way to define its structural role in a community (16).
167
That is, we can characterize a node's structural role based on the number of times that it 168 occupies each distinct position of the n-node motifs. pymfinder provides a way to determine 169 such n-node motif-role profiles for both the nodes (Fig. 1c ) and the links (Fig. 1d ) of a 170 given network. Notice, however, that this function can only be run for two-and three-nodes 171 motifs in unipartite networks, and two-to six-nodes motifs in bipartite networks.
172
The analysis of node and link motif-role profiles can also incorporate information regard- 
where {l i } is the set of strengths of all links in m involving node i, and f is a function defined profile of a link k forming such motif, the contribution c km is assumed to be exactly equal 182 to its link strength l k .
183
To ensure the reliable functioning of pymfinder, we included a set of basic tests in the 185 package. All these basic tests are based around the idea of analyzing the structure of 186 artificial networks containing only a single motif of each type for a given motif size-up 187 to five-node motifs for bipartite networks and three-node motifs for unipartite networks.
188
In addition, those networks are also set up so that any given node or link is only involved Caribbean Sea.
199
We first analyzed the overall three-species motif structure of the network and compared
200
it to the random expectation (Fig. 2b) . For this example, we used the z-score values to respectively. In general, we found that interaction strengths are distributed in a similar 213 manner across the different motifs of the network under study (Fig. 2c) . Notice that these 214 results are subject to the logarithmic transformation applied to the weight data, which is 215 generally very skewed (28).
216
Following the analysis of the overall motif structure, we examined the motif participation 217 of the different nodes and links that make up this food web. We found that some nodes
218
(e.g., sea cucumbers and algae) share almost identical motif-participation profiles while 219 others (e.g., filefish and sea cucumbers) have very distinct profiles (Fig. 3a) . This shows Figure 3: Analysis of the species' motif participation in the marine food web under study. The first panel (a) shows the motif-participation profiles of three representative species from the web; here, every point describes the proportion of times that these species are found in any of the possible motifs. For simplicity, we excluded the seven motifs in which these species never appear. The second panel (b) presents the motif-role profiles for the same three species when adding information regarding the interaction strengths. In this case, every point represents the relative weight associated with the motifs in which each species participates. The third panel (c) shows the motif-participation profiles for the links involving the same three species. 
